Abstract-This paper presents a method of modelling and control of servomotor for safe robots. Safety has indeed come to represent one of the major themes in robotics research for those applications that bring robots in contact with humans. Beyond this is the classical research topic of impedance control which has recently found new interest after the progress in the improved control and sensing principles. There exist a few different strategies for robot impedance control, where different amounts of sensor information are used. Among them, a kind of sensorless force control, torque observer method based on motor model, current and position information has many advantages and is widely researched. This paper discusses the permanent magnet synchronous motor (PMSM) modelling and control for the sensorless force control of safe robots. DSP controller for performing the vector and current control functions for a PMSM is implemented, and field oriented control is used to convert the PMSM into equivalent separately excited dc machines which have highly desirable control characteristics. Also, the nonlinear equations of the PMSM, PID controller equations and a real time model of the inverter switches are used in the simulation. At last, key theoretical results are verified by loading experiments.
I. INTRODUCTION
With the development of science and technology, robotics has undergone a major transformation in scope and dimensions. The new generation of robots is expected to safely and dependably co-habitat with humans in homes, workplaces, and communities, providing support in services, entertainment, education, and assistance [1] . Working and interacting in shared workspaces with humans, the new robots are increasingly challenged for achieving the highest levels of dependability and safety. Safety has indeed come to represent one of the major themes in robotics research for those applications that bring robots in contact with humans. These include physical training, cooperative handling, power extenders and such high-volume markets as entertainment, rehabilitation, among others. Beyond this is the classical research topic of impedance control which has recently found new interest after the progress in the mechanical design and improved control and sensing principles.
A few of different strategies have been used for robot impedance control, which differ from the use of sensor. One strategy is to use a wrist-mounted force/torque sensor, and the external force acting on the robot can be calculated by assuming that the end-effector is rigidly connected. However, highly sensitive force/torque sensors are expensive, which limits the application, and it's always used in high accuracy force control, e.g. assembly and polishing domains. A second strategy is to use torque sensors, which are mounted on each joint of the robot [2] . If the individual joint torques are collected into the vector τ, the end effector force F can be calculated fromτ = J T F, where J is the Jacobian of the robot. This method is convenient for safe robots control, but the sensor results the flexibility of joint and increases the difficulty of modeling and control, even can generate vibration.
A third approach is to use state or disturbance observer utilizing motor current and position information, combined with motor modeling and control. One way is to use torque observer. Sun and Mills described a torque observer using the torque control system model [3] , which is based on motor current and motor position information. Ohnishi designed a disturbance observer to compensate the disturbance torque for the motor [4] . In addition, the reaction torque can be obtained based on the disturbance observer and friction model [5] , [6] , which needs only the motor current and position information without additional sensor.
For the purpose of sensorless force control for safe robots, this paper presents a proposal to the permanent magnet synchronous motor (PMSM) modeling and control. Large amounts of research have been done on PMSM drives [7] . Axial field designs have been examined as well as the extended speed operation through flux weakening has also been used in the industry [8] . This paper discusses the implementation of a DSP controller for controlling a PMSM, and shows how to realize the vector and current control. Field oriented control is used to convert PMSM into dc machines which have excellent control characteristics. The nonlinear equations of the PMSM, PID controller equations and a real time model of the motor are used in the simulation. Key theoretical results are verified experimentally.
II. HARDWARE FOR PMSM CONTROL
The control system structure for PMSM is based on DSP and FPGA, with parallel bus used for signal communication.
In order to reduce the number of isolated power supply, bootstrap circuit is used for IPM drive voltage, and three-phase power for the servo motor is supplied through intelligent power module (IPM) inverter from DC bus. Also the PWM signal is isolated by high-speed opticalcoupler, which is issued form the DSP control board and driving IPM lower bridge arm opening and shutdown. At the same time, the IPM fault signal is connected to control board, and is isolated by slow speed opticalcoupler. For the purpose of high speed sample of current signal, theΣ -Δ AD converter AD7401A of ADI company is adopted, the minimum sampling time is only 6.4 μs, and the SINC filter is used for digital filtering.
III. MOTOR MODELING AND CONTROL ALGORITHMS

A. Field Oriented Control
In order to achieve better performance, field oriented control (FOC) is used to control the PMSM motor, which calculating the mathematical transformations in digital signal processor (DSP) and decoupling the torque and magnetization. Also, it is combined with the space vector pulse width modulation (SVPWM) method, which controlling on and off states of a three phase voltage source inverters (VSI) and generating 3 pseudo sinusoidal currents in the stator phases.
For the three phase switching scheme for the power devices shown in Fig. 1 , there are eight combinations of on and off states of the voltage source inverters, which corresponding to 8 basic space vectors, V sα and V sβ of (α,β) frame. sin (60 ) cos(60 )
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B. Permanent Magnet Synchronous Motor Model
In order to establish the mathematical model of permanent magnet synchronous motor, some prerequisites are assumed as follows:
 Magnetic saturation is ignored, and the inductor value is stable;  The gas magnetic field is sinusoidal distributed;  Eddy and hysteresis loss are excluded;  Salient pole effect is ignored, which means L d and L q are denoted by L s .
The flux equation of three-phase permanent magnet motor under space vector co-ordinate can be expressed as
Where L s is the stator inductance including leakage inductance and magnetizing inductance. The magnetizing inductance L m is equal to 1.5L ab , which is the mutual inductance under three-phase co-ordinate. ψ f is the rotor flux vector and θ e is the rotor angle, which is the directional angle of the rotor field orientation. (4), (5) and (6) the following equations can be deduced respectively.
Flux equation:
Voltage equation:
For the surface affix magnet motor, reluctance torque is approximate to zero, and the electromagnetic torque can be controlled independently by controlling the q axis current. 
C. Current Controller Design
On the basis of (8) 
It is evident that the voltage and current of d and q axes are coupled with each other; in the meantime q axis voltage and flux are coupled too. By compensating for voltage coupling terms, the relationship between voltage and current can be decoupled, with motor model simplified. Decoupling method is shown in Fig. 3 .
After decoupling, the voltage and current model of the motor is a first order system as
Then current controller can be designed as a PI regulator of the form Figure 3 . Decoupling of electrical model of motor
With K i_p and K i_i are respectively the ratio of current loop and integral coefficient.
Considering the delay time of the PWM control, whose sampling period is T s , the actual current loop structure is shown in Fig. 4 . 
The cross frequency of current loop is selected as 
D. Speed Controller Design
The motion equation of the motor is given by
Where J is the motor and load inertia, T L is the load torque and the electromagnetic torque is 3 2 e p f sq
Thus the control block diagram is shown in Fig. 5 . The open loop transfer function of speed loop is:
Frequency response of the open loop transfer function is expressed as
The cross frequency of speed loop is selected as 
Where K v_p is proportional to both the bandwidth and the moment of inertia. As the speed loop bandwidth is usually determined firstly, and the integral coefficient can be calculated from (26), then adjusting the K v_i means that the same proportion of the adjustment of the bandwidth and K v_p .
E. Position Controller Design
The position loop is controlled by P regulator, and the output of the position loop is the speed command. Closed loop control structure is shown in Fig. 7 . Fig. 9 and step response of speed loop is shown in Fig. 10 . It's shown that the phase margin and augment margin also satisfy the requirement of stability. Although overshoot is appeared in Fig.10 , but it is sometimes benefit for system control in position tracking and it can be reduced by regulating the PI parameters. 
B. Loading Experiment
A series of performance experiments are carried out on the magnetic retardant loading platform for the system. The max planning speed is 3000 rpm, the largest acceleration is 8000 rpm/s, the limitation of current is 1500‰ of rated current, and the load torque values is 0.32 Nm. The experimental platform and waveforms of speed and current responses are shown in Fig 12 and Fig. 13 . In Fig. 13 speed overshoot is also appeared which is the same to step response simulation in Fig.10 , but it is benefit for position tracking. 
In the robot system, (38) can be deduced form (37), where J can be obtained by robot dynamics, and T e is proportional to i sq which calculated from (9). Then the reacting torque T L caused by the contact of robot and the external environment can be obtained from (38). 
Combining with impedance control and friction identification, force control based on motor current can be applied for safe robots. This paper discusses a method for servomotor control and reacting torque estimate, and further work will focus on force control of safe robots including dynamics control, impedance control and friction identification.
V. CONCLUSION
A method for servomotor modelling and control for safe robots has been described. Model based controller is designed, and field oriented control theory is applied to decouple the nonlinearity of PMSM. The method was experimentally verified in a magnetic retardant loading platform. Also, the analysis is used not only in the design of motor control, but also for estimating reacting torque for collision detection, reactive behaviors, and ultimately human-robot coexistence.
